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Abstract – A range of various diﬀerent planting distances (from 7.5 to 9.5 m) between oil palms were tested using an
equilateral triangle design in a plantation density experiment which was settled in an oil palm commercial plantation in
Nigeria. Climatic conditions were quite stable, with two seasons and around 2000 mm of annual rainfall. The soil was
of desaturated ferralitic type, sandy on the surface, deep and without coarse elements. The early impact of plantation
density was analysed at eight years after planting. Some early signs of depressive eﬀect on yields were found for high
planting densities (180 and 205 p/ha). Such a negative impact was not severe enough to counteract the eﬀects of a higher
number of palms per hectare. As a consequence, a gradient could be observed as yields (in tons of bunches per hectare)
increased with density. We can anticipate that the competition eﬀect between palms will increase over time with high
densities, so that the counteracting point ought to be reached in a few years. A thinning treatment has been included in
the protocol. Thinning was carried out at the end of the eight-year period.
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Résumé – Premiers eﬀets de la densité de plantation sur les variables végétatives et de production du palmier à
huile en Afrique de l’Ouest. Une gamme de diﬀérentes distances de plantation entre palmiers à huile (7,5 à 9,5 m) a été
testée dans un dispositif en triangle équilatéral. L’expérience de densité de plantation a été établie dans une plantation de
palmier à huile au Nigéria. Le climat est très régulier, à deux saisons avec environ 2000 mm de précipitations annuelles.
Le sol est de type ferralitique désaturé, sableux en surface, profond, sans éléments grossiers. Un premier bilan a été
établi à huit ans après plantation. Des signes d’eﬀet dépressif des fortes densités de plantation (180 et 205 p/ha) sur le
rendement ont été mis en évidence. Cet eﬀet dépressif n’est toutefois pas assez fort pour contrebalancer l’augmentation
du nombre d’arbres à l’hectare, de sorte qu’il existe un gradient de rendement (tonnes de régimes à l’hectare) croissant
avec la densité. Un éclaircissage des palmiers à huit ans est inclus dans le protocole.L’eﬀet concurrentiel entre palmiers
va augmenter avec le temps dans les fortes densités, de sorte que le point de compensation devrait être atteint dans
quelques années.
Mots clés : Palmier à huile / densité de plantation / écartement / éclaircissage / rendement
1 Introduction
The spacing between oil palms is considered as a ma-
jor contributor to oil yields under planting designs following
an equilateral triangle model as used in various monocultures
(Prévot et al., 1955; Smith, 1972). We are investigating the op-
timum spacing which might be able to ensure the highest cu-
mulative production over a cropping cycle of around 25 years.
The plantation density must fit between too large a spacing
that makes inadequate use of incident radiation and too small
a spacing that leads to excessive competition between palms
with an anticipated depressive eﬀect on oil yields.
 Correspondence: xavier.bonneau@cirad.fr
There are several recent studies describing the impact of
planting density in oil palm plantations (Henson et al., 2003;
Breure, 2010; Palat et al., 2012; Rafii et al., 2013). Even if
planting material has changed since the 1990s and such has the
climate in many places, some preconceived ideas have unfortu-
nately still not changed. . . It was therefore found useful to set
up a planting density trial, using a widely used type of planting
material on a very widespread soil type in West Africa.
Results were analysed with reference not only to the oil
palm, but also to the coconut palm, as these two members of
the Arecaceae family share the same type of foliage architec-
ture thus some of the results obtained for one palm can be
extrapolated to the other following appropriate adjustments.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
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Fig. 1. Cumulative rainfall per year on the experimental plot (mm).
2 Materials and methods
2.1 Experimental conditions
The Presco Plc plantation is located at Obaretin near Benin
City, Edo State in Nigeria. It occupies an area of around
6000 hectares. Two other plantations belonging to the same
company are located in the same region.
The terrain in the region is flat, over a vast sedimentary for-
mation called the Continental Terminal. The very uniform soils
are of a ferralitic type; they are deep, very sandy on the surface,
with a gradual increase in clay content with depth, without any
coarse elements. The soils are of low chemical fertility which
can be compensated for by an appropriate organic/inorganic
fertilization scheme in order to create sub-optimum conditions.
These are a prerequisite for the expression of the planting den-
sity eﬀect as underlined by several authors (Smith, 1972; Ochs,
1988; de Taﬃn et al., 1992; Henson et al., 2003).
Climatic data show two seasons: a dry season from
November to April (the driest months being December and
January) and a wet season which occurs from May to October
providing an average annual rainfall of 2062 mm (Fig. 1).
Rainfall is well distributed and a moderate water deficit occurs.
Under these conditions and unless an exceptionally dry period
occurs (which did not happen to date) it is not very likely to
monitor a response of the oil palm to water stress which de-
pends on the planting density (Coomans, 1974, Bonneau 1991;
Palat et al., 2012). The planting density experiment was car-
ried out in a second generation plantation established in July
2005, on a previous oil palm cover which occupied the plot for
25 years. The stems of the felled old palms were pushed to the
edge of the experimental plot.
2.2 Planting material
The planting material used since 2002 by the Presco Com-
pany is of Pobè C1001F type which belongs to the Deli ×
La Mé group and was derived from crosses between Dura
DA115 D and Pisifera LM2T selected parents. This material
has proven tolerant to vascular wilt.
Table 1. Planting densities and experimental design.
Treatment
Initial planting Distance between Management ofdensity palms planting density(number of palms (in metres)per hectare)
D 1 128 9.5 fixed
D 2 143 9 fixed
D 3 160 8.5 fixed
D 4 180 8 fixed
D 5 180 8 thinned (1)
D 6 205 7.5 fixed
(1) By eliminating every 7th palm at year 8 (one central palm per
hexagon) in order to reduce the planting density from 180 to 154 p/ha.
2.3 Statistical design
Our statistical design followed a randomized complete
block with 4 replicates of 6 treatments as described in Table 1.
We have included a treatment with a later reduction in den-
sity, as the question frequently raised by growers is whether
it is more eﬃcient to plant at high density in order to benefit
from high yields on young palms when the competition eﬀect
between palms is still weak, then to thin the plant cover in
order to avoid a drop in yields in the second part of the cy-
cle when competition eﬀect between palms negatively impacts
productivity.
Each of the 24 unit plots was made of 72 palms, planted in
9 rows of 8 palms with a double border, i.e. 20 useful central
palms (5 rows of 4). Where necessary, any gaps between the
unit plots have been filled with neutral palms. The total area of
the trial is 12.7 hectares.
Palms involved in the experiment have been planted fol-
lowing an equilateral triangle design, which is more eﬃ-
cient for the interception of solar radiation given the foliage
architecture of the plant (Prévot et al., 1955; Smith, 1972).
2.4 Fertilization regime
Palms under study were given a uniform fertilization
regime per palm for the first four years then uniform fertil-
ization per unit area from the fifth year onwards (Tab. 2). The
aim was to adjust the fertilizer’s input so that mineral nutri-
tion never acted as a limiting factor. Annual leaf analyses were
used in order to continuously monitor the mineral nutrition sta-
tus of palms and to adjust the fertilization regime accordingly.
Table 3 describes changes in nutrition data for the whole ex-
periment through the analysis of leaf mineral contents for the
main nutrients.
2.5 Trial management
The trial suﬀered some setbacks in the early stages.
Early attacks from wild rodents (Tryonomys swinderianus) de-
stroyed young plants and 4% of the palms had to be replaced in
April 2006 then another 5% in May 2007. In addition, a bush
fire devastated the plot in February 2008, although it killed
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Table 2. Fertilization regimes applied after planting.
A: Fertilization regime per palm for young palms (g of fertilizer per palm)
Age of the palms (MAP) Type of fertilizer
compound KCl kieserite borax
1 500 x x x
3 500 x x x
9 500 x x x
15 500 x x x
22 1000 x x x
24 1000 x x x
27 1000 x x x
33 2000 x x x
40 x x 500 x
47 x 2000 x x
48 x x 500 x
60 x x x 50
B: fertilization regime per hectare on mature palms – after year 4 –
(kg of fertilizer per hectare)
Age of the palms (MAP) Type of fertilizerKCl EFB TSP kieserite
59 286 x x x
72 357.5 x x x
83 x 12 200 x x
83 286 x x x
95 x 35 000 x x
95 286 x x x
NB 1: MAP =Months after planting. NB 2: 12-12-17-2 = mixed compound expressed in % N-P2O5-K2O-MgO content.
NB3: EFB = Empty Fruit Bunch.
only 3 palms. This result confirms the strong resistance of
young oil palms to fire and in our case such resistance was im-
proved by the very good upkeep of the plot with clean circles
around palms of wide (2 m) radius.
The replacement palms grew satisfactorily. At 8 years after
planting (July 2013) the diﬀerence in stem height and foliage
bulk between palms replaced in 2006 and original palms was
virtually no longer visible, while the palms replaced in 2007
were well on the way to catching up.
In addition, a few palms have been killed by lightning over
the years and they were replaced by transplanting a palm of
the equivalent age taken from a neighbouring block, in order
to maintain the canopy as uniform as possible.
Lastly, frequent attacks by Oryctes spp have caused some
frond breakage and sometimes resulted in deformed young
leaves. The aﬀected palms were removed from the list of
observed palms until they recovered normal leaf architecture.
2.6 Measured variables
Two types of variables were monitored during the exper-
iment, namely vegetative and yield variables. Girth of palms
was measured at ground level each year. Frond length was
measured yearly from the base of the petiole to the tip of the
rachis. Starting at year 6 and then during each following year,
we measured stem height from the ground to the petiole base
of frond 33. Starting at year 7 and then during each following
year, the projection on the ground of frond 33 was evaluated
from the base of the stem to the tip of the frond. As the frond
grows in a quite horizontal position, its tip is considered as giv-
ing the span of the oil palm foliage which can be considered
as a sphere.
Several oil yield variables were also recorded. Indeed,
during each harvesting visit (every 10 days), the number of
ripe bunches per palm and the average bunch weight were
recorded. Three variables were then analysed on a yearly ba-
sis, namely: bunch number per palm, average bunch weight
and total bunch weight per palm, from which the total bunch
weight per hectare is calculated for each of the treatments.
3 Results
Table 3 shows that mineral nutrition of palms under study
was satisfactory as none of the analysed nutrients reached a de-
ficiency threshold during the observation period. Mineral nu-
trition was found to be uniform, as no significant diﬀerence
could be found between treatments for almost all analysed nu-
trients, except nitrogen during years 7 and 8. Nevertheless,
even if they were significant, the recorded diﬀerences in leaf
N content were of low amplitude and they were found to occur
within a variation range well over the N critical level. It was
therefore concluded that the nutritional status of the palms did
not interfere with the eﬀect of planting density.
Tables 4–7 present changes in vegetative growth variables.
No density treatment eﬀect could be found for both girth and
stem height. The girth of palms was still increasing at year 8,
although it was in the process of late stabilization. Stem height
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Table 3. Analysis of leaf contents in nitrogen, phosphorus, potassium, magnesium and chlorine (percentage of dry matter).
Treatment Leaf nitrogen Leaf phosphorus2009 2010 2011 2012 2009 2010 2011 2012
D 1 3.12 3.04 2.96 abc 3.01 ab 0.171 0.173 0.173 0.186
D 2 3.09 3.03 2.99 ab 3.07 a 0.169 0.170 0.172 0.185
D 3 3.12 3.06 3.02 a 3.02 ab 0.171 0.174 0.175 0.185
D 4 3.13 3.07 2.92 bc 3.00 abc 0.170 0.173 0.170 0.183
D 5 3.05 3.05 2.90 bc 2.92 c 0.168 0.172 0.171 0.182
D 6 3.06 3.04 2.88 c 2.95 bc 0.168 0.174 0.171 0.184
Mean 3.10 3.05 2.95 2.95 0.170 0.173 0.172 0.184
Threshold ns ns < 0.05 < 0.01 ns ns ns ns
LSD 0.09 0.07
Treatment Leaf potassium Leaf magnesium2009 2010 2011 2012 2009 2010 2011 2012
D 1 0.879 0.831 0.875 0.921 0.313 0.285 0.285 0.251
D 2 0.876 0.900 0.874 0.932 0.307 0.283 0.264 0.211
D 3 0.854 0.877 0.842 0.895 0.295 0.284 0.273 0.231
D 4 0.867 0.862 0.837 0.866 0.316 0.290 0.297 0.252
D 5 0.830 0.837 0.844 0.890 0.323 0.309 0.290 0.253
D 6 0.816 0.860 0.816 0.847 0.311 0.294 0.292 0.249
Mean 0.854 0.861 0.848 0.892 0.311 0.291 0.284 0.241
Threshold ns ns ns ns ns ns ns ns
Treatment Leaf chlorine2009 2010 2011 2012
D 1 0.532 0.522 0.490 0.525
D 2 0.583 0.565 0.533 0.525
D 3 0.553 0.565 0.524 0.510
D 4 0.552 0.535 0.566 0.510
D 5 0.552 0.539 0.507 0.506
D 6 0.563 0.542 0.553 0.517
Mean 0.556 0.545 0.529 0.516
Threshold ns ns ns ns
NB 1: Threshold = threshold of statistical significance, as; not significant (ns) or significant under 5% probability of error (< 0.05) or highly
significant under 1% probability of error (< 0.01%). NB 2: LSD = lowest significant diﬀerence under the 5% threshold. NB 3: a,b,c . . . =
classification of treatments according to the Duncan test at 5%.
Table 4. Changes in girth (m) with the age of oil palms planted at various densities.
Treatment Age of palms in MAP12 24 36 48 60 72 84 96
D 1 0.61 1.00 1.64 2.06 2.38 2.49 2.62 2.69
D 2 0.57 0.96 1.59 2.00 2.36 2.49 2.61 2.70
D 3 0.56 0.97 1.57 2.00 2.36 2.43 2.56 2.66
D 4 0.58 1.00 1.71 2.10 2.42 2.50 2.59 2.65
D 5 0.56 1.00 1.62 2.02 2.36 2.50 2.60 2.68
D 6 0.62 1.03 1.71 2.09 2.40 2.53 2.60 2.65
Mean 0.58 0.99 1.64 2.05 2.38 2.49 2.60 2.67
Threshold ns ns ns ns ns ns ns ns
increased regularly at the rate of ca 30 cm per year. No sign
of stem bolting could be observed when high densities were
used, which is not surprising at this age: bolting uses to oc-
cur after year 10 under similar planting densities (Palat et al.,
2012). The frond length was still increasing at year 8 after
planting and a gradient could be evidenced: the closer together
the palms were planted, the longer the frond.
Tables 8–11 and Figure 2 provide yearly production data
compiled from 6 harvesting campaigns (year 3 to 8).
A significant depressive eﬀect of planting density was
found in years 6 and 8 on the bunch number per palm variable
at the highest densities. Conversely, no eﬀect could be found
on the average bunch weight variable. The fact that spacing
between palms had a greater eﬀect on the number of fruits
than on their individual weight has been shown in both the oil
palm (Henson et al., 2003) and the coconut palm (Coomans,
1974; Fernando et al., 1996).
Figure 2 shows that the diﬀerence between the treatments
compared to treatment D1, considered as the control, has a
tendency to decrease with the age of palms. This is true for the
highest densities (D4, D5 and D6), although some stabilization
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Table 5. Changes in frond length (m) with the age of oil palms planted at various densities.
Treatment Age of palms in MAP12 24 36 48 60 72 84 96
D 1 1.59 2.34 3.00 3.87 4.68 5.20 bc 5.27 5.69 c
D 2 1.51 2.19 2.89 3.77 4.61 5.12 c 5.48 5.73 c
D 3 1.52 2.26 3.06 3.85 4.76 5.25 abc 5.58 5.89 bc
D 4 1.56 2.30 3.22 4.04 4.85 5.50 ab 5.52 6.04 ab
D 5 1.50 2.25 3.11 3.87 4.79 5.37 abc 5.70 6.04 ab
D 6 1.56 2.29 3.20 4.05 4.97 5.52 a 5.60 6.13 a
Mean 1.54 2.27 3.08 3.91 4.78 5.33 5.53 5.92
Threshold ns ns ns ns ns < 0.05 ns < 0.01
LSD 0.28 0.20
NB: up to MAP 72 inclusive, the length of frond 17 was measured. From MAP 84 inclusive onwards, low frond was measured.
Table 6. Changes in stem height (m) with the age of oil palms planted
at various densities.
Treatment Age of palms in MAP72 84 96
D 1 0.81 1.08 1.38
D 2 0.84 1.11 1.40
D 3 0.83 1.09 1.42
D 4 0.87 1.14 1.48
D 5 0.83 1.02 1.38
D 6 0.88 1.15 1.45
Mean 0.84 1.10 1.42
Threshold ns ns ns
Table 7. Changes in the distance from the stem to the ground
projection of the tip of frond 33 (m) with the age of oil palms planted
at various densities.
Treatment Age of palms in MAP84 96
D 1 4.69 4.86 b
D 2 4.70 4.94 b
D 3 4.77 5.05 ab
D 4 4.92 5.16 a
D 5 4.85 5.19 a
D 6 4.93 5.22 a
Mean 4.81 5.07
Threshold ns < 0.01
LSD 0.20
has been recorded for the lowest densities: at +20% level for
D3 compared to D1 and at +10% for D2 compared to D1.
We will carefully monitor this ongoing density trial in the
coming years in order to assess some of our early findings:
stabilization of yields between 128 and 160 p/ha and decrease
at 180 and 205 p/ha.
4 Discussion
Planting oil palm at high densities (> 160 p/ha) was found
to be still beneficial in terms of yield up to at least eight years
after planting. The increase in the number of palms per hectare
was found to compensate for the induced drop in bunch weight
Table 8. Changes in the annual FFB yield per palm (kg) in oil palms
planted at various densities.
Treatment Year of planting3 4 5 6 7 8
D 1 2.5 ab 27.2 34.7 81.0 70.0 110.2 ab
D 2 1.5 c 27.5 35.8 79.4 61.2 114.4 a
D 3 1.7 bc 29.9 36.6 75.3 64.6 109.9 ab
D 4 3.0 a 34.4 33.6 74.2 56.9 98.9 bc
D 5 1.5 c 29.9 35.0 66.6 59.8 93.2 c
D 6 2.7 a 36.1 29.1 66.6 59.2 91.2 c
Mean 2.2 30.8 34.1 73.9 62.0 103.0
Threshold < 0.01 ns ns ns ns < 0.05
LSD 0.9 14.1
Table 9. Changes in the cumulative FFB yield per palm (kg) in oil
palms planted at various densities.
Treatment Year of planting6 7 8
D 1 145.5 215.4 325.8
D 2 144.2 205.4 319.7
D 3 143.5 208.1 318.1
D 4 145.2 202.1 301.0
D 5 133.0 192.8 286.0
D 6 134.4 193.7 284.8
Mean 141.0 202.9 305.9
Threshold ns ns ns
per palm. When cumulated bunch weight per hectare was esti-
mated over eight years, the highest planting density (205 p/ha)
was found to generate a 40% higher bunch weight per hectare
than the lowest density (128 p/ha).
The relationship between the planting density eﬀect and
the age of plants has been demonstrated in both the oil
palm (Prévot et al.; 1955; Chen, 1989; Rafii et al., 2013) and
the coconut palm (Foale, 1968; Coomans, 1974; Tan Yap Pau
et al., 1984). In the oil palm, within the variation ranges tested,
the maximum planting density eﬀect occurs after year 8 and
more often between year 10 and year 12 (Chen et al., 1989;
Palat et al., 2012; Rafii et al., 2013). In our experiment, it is
therefore not surprising to record a benefit in terms of yield
at high densities at year 8 and it is highly probable that the
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Table 10. Annual changes in yield (tons FFB/ha) in oil palms planted at various densities.
Treatment Year of planting3 4 5 6 7 8
D 1 0.32 b 3.48 d 4.44 10.37 8.98 14.11 b
D 2 0.21 b 3.93 cd 5.12 11.35 8.75 16.36 ab
D 3 0.27 b 4.78 bcd 5.86 12.05 10.34 17.59 a
D 4 0.54 a 6.19 ab 6.04 13.35 10.23 17.80 a
D 5 0.27 b 5.38 bc 6.30 12.00 10.76 16.78 a
D 6 0.55 a 7.40 a 5.96 13.65 12.02 18.69 a
Mean 0.36 5.19 5.62 12.13 10.18 16.89
Threshold < 0.01 < 0.01 ns ns ns < 0.05
LSD 0.16 1.59 2.33
Table 11. Changes in cumulative yield (in tons FFB/ha) in oil palms
planted at various densities.
Treatment Year of planting6 7 8
D 1 18.6 e 27.6 d 41.7 d
D 2 20.6 de 29.4 cd 45.7 cd
D 3 23.0 cd 33.3 bc 50.9 bc
D 4 26.1 ab 36.4 ab 54.2 ab
D 5 23.9 bc 34.7 b 51.5 bc
D 6 27.5 a 39.6 a 58.4 a
Mean 23.3 33.5 50.4
Threshold < 0.01 < 0.01 < 0.01
LSD 2.9 4.7 5.9
depressive eﬀect of the highest densities will increase in the
coming years.
Table 12 describes the foliage bulk of palms for each treat-
ment at year 8. A gradient could be observed for the percent-
age of leaf area overlap between adjacent palms, which was
found to increase with density, from 1% for the lowest den-
sity (128 p/ha) up to 50% for the highest one (205 p/ha). It is
worth noticing that the ground is not totally covered yet (there
is still some empty spaces in the middle of the triangles) for
the lowest densities (128 and 143 p/ha), while the ground is
completely covered at 160 p/ha density and over. As the frond
length continues to increase with age, the bulk will increase
too, thus resulting in a stronger competition between palms.
Such competition takes place for light interception when a high
planting density is used and for the optimization of light inter-
ception at low densities once the empty space in the centre is
filled. This approach therefore confirms major results from the
literature, precisely that the maximum eﬀect of planting den-
sity is still yet to come and it is expected to occur at year 10
to 12.
The palms in treatment D5 were thinned at year 8 in accor-
dance with the experimental protocol (see Tab. 1). To date, the
impact of thinning in a monoculture is still under debate: sev-
eral authors consider this practice as detrimental (Surre, 1955;
Coomans, 1974) while others recommend it under specific
conditions (Palat et al., 2012). It will be therefore interesting to
compare future yield trends in treatments D4 (180 p/ha fixed)
and D5 (180 p/ha becoming 154 p/ha at eight years).
Fig. 2. Changes in the Dn/D1 ratio for cumulative yield.
5 Conclusion
The beneficial eﬀect of high planting densities (180 and
205 p/ha) at the beginning of the oil palm cultivation cycle
recorded in the present experiment comes from the fact that
the drop in yields per palm when density is increased does not
yet counterbalance the increase in the number of palms per
hectare within the range of spacing studied.
Given that the impact of planting density as measured so
far is increasing slowly but surely and that the vegetative bulk
of the palms will continue to increase, it is expected that such
impact will increase over time and will reach its maximum in
the near future.
The ultimate goal of the present experiment will be to pre-
cisely determine at what age the density eﬀect will reach its
maximum, at what age the palms will reach the compensation
point and, lastly, what the optimum density will be, when cal-
culated over a full cultivation cycle. Interestingly a continuous
canopy now covers the whole experimental plot at year 8, with-
out any hole in the design, thus the present experiment can be
safely pursued.
In addition, with the thinning carried out in treatment D5,
we shall be able to answer to the following recurrent question
in a few years: is the thinning of a plot with a high planting
density cost-eﬀective, or is it better to keep the same density
throughout the duration of an oil palm cultivation cycle? An
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Table 12. Calculation of the oil palm foliage bulk at year 8 in oil palms planted at various densities.
Treatment Planting Distance between Foliage Percentage of Percentage ofdensity palms (m) span (m) foliage overlap central void
D 1 128 9.5 4.86 1 5
D 2 143 9 4.94 9 1
D 3 160 8.5 5.05 24 0
D 4 180 8 5.16 38 0
D 5 180 8 5.19 39 0
D 6 205 7.5 5.22 50 0
NB 1: Foliage span = the distance from the stem to the ground projection of the tip of frond 33. NB 2: Percentage of foliar overlap = by
projection of the foliage volume (assimilated to a sphere) on a plane: part of the area of a unit triangle covered by the foliage of 2 or 3 palms
(graphic determination).
economic calculation incorporating production factors, such as
the cumulative quantity of fertilizers per hectare and the work
time depending on the number of palms per hectare (fertilizer
application, harvests) will be carried out in order to distinguish
between the economic and the agronomic optimal design. As a
matter of fact, there are many diﬀerent aspects to be taken into
account when trying to design an optimum planting density for
oil palm cultivation (Surre, 1955).
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